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Transient Glass Formation around a Quadrupolar Photoexcited 
Dye in a Strongly H-Bonding Liquid Observed by Transient 2D-IR 
Spectroscopy 
Bogdan Dereka,[a] Jan Helbing,*[b,c] and Eric Vauthey,*[a,c] 
 
Abstract: Intermolecular H-bonding dynamics around a 
photoexcited quadrupolar dye is directly observed using transient 
2D-IR spectroscopy. Upon solvent-induced symmetry breaking, the 
H-bond accepting abilities of the two nitrile end-groups change 
drastically, and in extreme protic (‘superprotic’) solvents, a tight H-
bond complex forms at one end. The time evolution of the 2D C≡N 
lineshape in methanol points to rapid, 2-3 ps, spectral diffusion due 
to fluctuations of the H-bonding network. Similar behaviour is 
observed in a superprotic solvent shortly after photoexcitation of the 
dye. However, at later time, the completely inhomogeneous band 
does not exhibit spectral diffusion for at least 5 ps, pointing to a 
glass-like environment around one side of the dye. About half of the 
excited dyes show this behaviour attributed to the tight H-bond 
complex, whereas the others are loosely bound. A weak cross peak 
indicates partial exchange between these excited state sub-
populations. 
Hydrogen-bonding interactions play key roles in many area of 
chemistry and govern the structure and dynamics of biological 
matter. In liquids, intermolecular H-bonds are highly dynamic, 
fluctuating and reorganizing within tens of femtoseconds to 
picoseconds.[1] This usually leads to a wide distribution of 
structures and to a strong broadening of the vibrational bands of 
solutes. 2D-IR spectroscopy has proven very powerful for 
getting insight into the H-bond dynamics of the solvation shell 
thanks to its ability to resolve inhomogeneous distributions and 
to trace vibrational frequencies with fs time resolution.[2] So far, 
however, most 2D-IR studies have focused on H-bond dynamics 
around solutes in the electronic ground state. While applying this 
technique to molecules in an electronic excited state is 
challenging, it is well known that H-bond strength can change 
significantly upon electronic excitation.[1a, 3] In this case, very 
different solvation dynamics can be anticipated.[4] Moreover, the 
few existing 2D-investigations of solvation in the excited state 
suggest that solvent motion around chromophores can be 
altered even in absence of specific H-bonding interactions.[5] 
We investigated how the solvent dynamics around an 
excited chromophore change during the formation of a tight H-
bond complex. We compared excited-state 2D-IR spectra of a 
quadrupolar molecule in solvents of different polarity and 
hydrogen-bonding strength. This molecule, ADA (Figure 1), has 
an A-π-D-π-A type motif, where A and D are electron accepting 
and donating groups. We observed dramatic changes in solvent 
dynamics around the excited solute, culminating in the transient 
formation of a glass-like environment in the most protic solvent. 
ADA (2,5-bis(4-cyanophenyl)-1,4-bis(4-methylphenyl)-1,4-
dihydropyrrolo[3,2- b]pyrrole) consists of an electron-donating 
core with two symmetric acceptor branches and has no 
permanent dipole moment.[6] Its photoexcitation leads to the 
population of a symmetric quadrupolar excited state. However, 
in polar environments, solvent fluctuations break the symmetry, 
leading to an uneven distribution of the electronic density on the 
two cyano-capped ends.[7] As a consequence, in protic solvents, 
H-bond interactions between the solvent and the CN group 
located on the most excited side of ADA strengthen, whereas 
those at the other side weaken, amplifying symmetry breaking.[7a, 
8] 
 
Figure 1. Schematic experimental pulse sequences: time-resolved infrared 
(TRIR) and transient 2D-IR (T2D-IR), structure of ADA, and representative 
TRIR spectra illustrating the ESA bands in the nitrile stretching region in 
polar/protic and in superprotic environments (as ESA4 is weaker than ESA2 
and partially overlaps with this band, it cannot be clearly distinguished here). 
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Spectroscopically, symmetry breaking gives rise to two 
distinct excited-state vibrational absorption (ESA) bands of the 
CN groups:[7c] an intense one, ESA1, and a weak one, ESA2, at 
higher frequency (Figure 1), with a splitting that  increases with 
the degree of asymmetry. In strongly H-bonding liquids with a 
Kamlet-Taft parameter α>1.3 (‘superprotic’), such as 
perfluorinated alcohols,[7a, 8]  a tight solute-solvent complex forms 
on one side of ADA. This further localizes the excitation on one 
arm of the molecule and results in a two new bands, ESA3 and 
ESA4, with an even larger splitting than ESA1 and ESA2 (Figure 
1).[7a, 7c] Dilution experiments revealed that, in the tightly H-
bonded solute-solvent complex, ADA is also connected to the H-
bond network of the surrounding solvent, through the directly 
bonded solvent molecule.[8] 
The measurement of 2D-IR spectra of these ESA bands is 
enabled by the exceptionally large infrared absorption cross-
section of the nitrile stretching vibrations of ADA in the excited 
state, which originates from the presence of the nearby S2⟵S1 
electronic transition.[9] We used a time-domain variant[10] of the 
original set-up for transient 2D-IR (T2D-IR) spectroscopy,[11] as 
described in the Supporting Information. Briefly, electronic 
excitation of ADA was achieved with an actinic 420 nm 
femtosecond pulse. For the subsequent 2D-IR measurements, 
two collinear IR-pump pulses were used for the frequency-
resolved excitation of the CN stretch vibrations of ADA in the S1 
state. The ensuing absorption changes were recorded after a 
time t2 by an IR-probe pulse (Figure 1). 
 
Figure 2. Normalized T2D-IR spectra in the ESA1 region in aprotic solvents of 
increasing polarity and in methanol, measured at t0=40 ps after excitation of 
ADA.  
Figure 2 shows T2D-IR spectra in the ESA1 region 
measured 40 ps after photoexcitation of ADA in aprotic solvents 
of varying polarity and in methanol. At this t0 time, the S1 state of 
ADA has equilibrated.[7a] The combined contributions of the 
ground-state bleach (|1⟩⟵|0⟩ vibrational transition) and 
stimulated emission (|1⟩⟶|0⟩) appear as negative signals on the 
diagonal (blue), whereas the induced |2⟩⟵|1⟩ absorption is seen 
as a positive band at lower detection frequencies due to 
anharmonicity (red). The much weaker diagonal peak due to 
ESA2 lies outside the detection window of Figure 1, but weak 
coupling between ESA2 and ESA1 gives rise to small cross 
peaks at excitation frequencies near 2190 cm-1 already at the 
earliest t2 times. The IR absorption cross-section of the CN 
stretching of ADA in the ground state is too small to give a 
measureable 2D-IR signal (see the weak dip in the TRIR spectra 
in Figure 1). Moreover, the frequency of the ground-state bleach 
at 2246 cm-1 coincides with that measured in the stationary 
absorption spectrum,[7a] indicating that the presence of the weak 
bleach does not lead to any significant distortion of ESA2.  
Diagonal peaks in the 2D-IR spectra reveal the correlation 
between the excitation frequency and the frequency of the 
molecular response, and allow disentangling the homogeneous 
and inhomogeneous contributions to the vibrational linewidth.[2a] 
Already at the earliest t2 times, the ESA1 bleach is narrow and 
largely circular in all aprotic solvents irrespective of their polarity, 
pointing to weak correlation and thus a largely homogeneous 
character of this band. Weak correlation is reflected by the small 
slope of the line joining the bleach minima (central line slope, 
CLS, Table S2),[12] shown in white in Figure 2. 
The inhomogeneity is substantially larger in methanol (Table 
S1), indicating that hydrogen bonding to the CN groups leads to 
a broader distribution of instantaneous frequencies due to 
different H-bond strengths and lengths.[2c, 13] Within a few 
picoseconds, the CLS decays to zero due to spectral diffusion. 
Memory of the excitation frequency is lost as solvent molecules 
rearrange and sample all possible configurations (Figure 2). This 
dynamic picture of fluctuating H-bonds undergoing incessant 
rupture and formation is well-established for H-bonding liquids in 
the electronic ground state.[1d, 14] 
However, a truly spectacular change in H-bond dynamics is 
observed in the superprotic hexafluoro-iso-propanol (HFP, 
Figure 3) in the ESA1/ESA3 region.	 The 2D band is much 
broader (note the larger spectral window relative to Figure 2) 
and, at the earliest t2 time of 300 fs, it is completely 
inhomogeneous: the bleach signal is parallel to the diagonal with 
a CLS of unity, pointing to a significantly larger heterogeneity of 
H-bond strengths in HFP compared to conventional protic 
solvents like methanol. Furthermore, the data reveal a strong t0-
dependence of the temporal evolution of the 2D lineshape, i. e. 
the fluctuations of the H-bonding environment depend on the 
‘age’ of the S1 state of ADA. At t0=8 ps, the spectrum is 
dominated by ESA1, which undergoes spectral diffusion and 
becomes circular within a few ps (Figure 3, second row). The t2-
dependence of the CLS can be reproduced by an exponential 
decay with a ~3.5 ps time constant (Figure 4), typical of solvent 
relaxation in HFP.[7a, 8] These dynamics are similar to those 
observed in methanol (Figure 3, third row), where the CLS 
decays in about 2 ps. 
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Figure 3. T2D-IR spectra in the ESA3/ESA1 region in the superprotic solvent HFP measured at t0=8 and 40 ps after electronic excitation of ADA, and comparison 
with methanol (t0=40 ps). Corresponding TRIR excited state absorption spectra are shown on the left. 
The situation is completely different 40 ps after electronic 
excitation, when the additional ESA3 band of the tight 
complex has formed at the low-frequency side of ESA1. 
Spectral diffusion is now only observed for the residual ESA1, 
whereas ESA3 remains strongly inhomogeneous up to a t2 
time of at least 5 ps (Figure 3, first row), our detection limit 
corresponding to three vibrational lifetimes. The CLS of ESA3 
remains close to unity at all accessible time delays (blue line 
in Figure 4). This absence of spectral diffusion indicates that 
the environment of the tight complex is static on the timescale 
of typical fluctuations of this solvent and resembles that of a 
glass.[15] Similarly slow spectral diffusion has only been 
reported for ionic liquids.[16] A substantial slowing down of the 
translational dynamics of water has also been observed in the 
solvation shell of different solutes.[17] Here, the glass-like 
behaviour is transient: it is not observed at early times (8 ps) 
after electronic excitation of ADA, but only when the tight 
complex is formed. By contrast, the spectral diffusion of ESA1, 
associated with the loosely-bonded ADA subpopulation, is 
only slightly slower than at t0=8 ps (Figure 4). 2D-IR thus 
reveals that the similar width of ESA1 and ESA3 seen in 
TRIR is due to inhomogenous broadening, but associated 
with very different solvent dynamics. Unfortunately, the 2D-IR 
signal of ESA2 and 4, due to the CN group located on the 
other, less-polar side of ADA, is too weak and decays too 
rapidly to extract quantitative information (Figure S9).  
The inhomogeneous broadening of ESA3 can be 
attributed to a distribution of H-bond strengths. The latter is 
due to the fact that ADA is connected to the H-bond network 
of the surrounding solvent via the tightly-bonded solvent 
molecule.[8] Moreover, the H-bond strength affects the degree 
of symmetry breaking of the excited state of ADA.[7a] 
Therefore, the broadening of ESA3 due to this distribution of 
H-bond strength is enhanced by the resulting distribution of 
the degree of symmetry breaking. The long persistence of 
this broadening thus strongly contrasts with the equilibrium 
behaviour of ‘normal’ H-bonding liquids like water, where the 
H-bond network, albeit altered by solutes, remains highly 
dynamic even in the presence of ions at high 
concentrations.[18] Likewise, the longest memory of 
inhomogeneity of the very strongly H-bonded excess proton 
in water,[19] was recently found to be only of the order of 200 
fs.[20]  
 
Figure 4. Time dependence of the central line slopes (CLS) of ESA1/ESA3 
in HFP and methanol.  
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The two bands, ESA1 and ESA3, are associated with 
different sub-populations of ADA in the S1 state, which are 
loosely and tightly H-bonded, respectively. Previous TRIR 
measurements revealed that both bands have the same 110 
ps lifetime, whereas in solvents where no tight complexes are 
formed, ESA1 decays on a nanosecond timescale.[7a, 8] The 
shortening of the excited-state lifetime of ADA in HFP was 
attributed to the H-bond induced non-radiative deactivation 
(HBIND) mechanism,[8] whereas an equilibrium between the 
two sub-populations was invoked to account for the fact that 
both ESA1 and ESA3 share the same short lifetime (Figure 
S12). 
If this equilibration takes place on a sufficiently short 
timescale, it should result in the appearance of an exchange 
cross peak between ESA1 and ESA3 in the 2D-IR spectra.[2b, 
21] No such cross peak can be observed at short t2 delays, but 
the 2D spectra recorded after 3-4 ps suggest the presence of 
a cross peak between ESA1 and the high-frequency side of 
ESA3 (yellow squares in Figure 3). Although its intensity is 
weak because the signal has substantially decayed (the 
excited-state lifetime of this vibration is <2 ps, Table S3), the 
cross peak does not have the full width of ESA3. This 
indicates that not all tight complexes participate in the 
exchange (at least within our 5 ps time window), but only 
those that contribute to the high-frequency side of ESA3, 
characterized by a weaker H-bond. One can anticipate that 
the most tightly-bound complexes are also in equilibrium with 
the loosely-bound subpopulation but on a significantly slower 
timescale than that accessible in the 2D experiment (Scheme 
1). Indeed, the absence of spectral diffusion for ESA3 and a 
glass-like environment are not compatible with fast exchange 
between the tightly and loosely H-bonded sub-populations. 
 
Scheme 1. Schematic illustration of the equilibrium between the loosely 
and tightly H-bonded ADA sub-populations (the orange area depict the 
symmetry-broken electronic distribution). For the sake of simplicity, the 
distribution of tight complex structures is omitted. 
By comparing the ESA3/ESA1 band areas measured with 
the TRIR and 2D-IR techniques,[22] the sub-populations of 
tightly- and loosely-bound ADA molecules were estimated to 
be approximately equal in size after 40 ps, pointing to an 
equilibrium constant of K=1 and to similar free energies for 
both species (SI, Section S5). Most probably, the decrease of 
entropy upon glass formation around the tight complex 
compensates for the enthalpic factor due to the strengthening 
of the H-bond. In deuterated HFP, the equilibrium is 
significantly shifted toward the tight complex (K = 6.3) and the 
free energy of complex formation amounts to -4.5 kJ/mol. The 
difference with the protic HFP can be explained by a larger 
strength of deuterium bonds compared to hydrogen bonds in 
agreement with literature (Section S5).[23] 
In summary, transient 2D-IR spectroscopy has provided 
unprecedented insight into H-bonding dynamics in an 
electronically excited state. It reveals the subtle interplay 
between intramolecular charge transfer, hydrogen-bond 
interactions and solvation.  We monitored solvent motion 
around an excited quadrupolar molecule at different stages 
during the formation of a tight asymmetric H-bonded complex. 
Initially, the environment of the dye behaves as expected for 
a liquid causing normal spectral diffusion. However, upon 
complex-formation, it stiffens dramatically and behaves glass-
like. No more spectral diffusion is observed on the typical 
timescale of solvent motion. This effect is most probably not 
limited to the quadrupolar ADA molecule investigated here. It 
can be expected to also occur with other dyes undergoing a 
subtantial increase of basicity upon photoexcitation in highly 
protic solvents capable of forming an H-bonding network.  
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